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Abstract
Strongly-correlated two-dimensional electrons in coupled semiconductor bilayers display remarkable broken symmetry many-
body states under accessible and controllable experimental conditions. In the cases of continuous quantum phase transitions
soft collective modes drive the transformations that link distinct ground states of the electron double layers. In this paper
we consider results showing that resonant inelastic light scattering methods detect soft collective modes of the double layers
and probe their evolution with temperature and magnetic field. The light scattering experiments offer venues of research of
fundamental interactions and continuous quantum phase transitions in low-dimensional electron liquids.
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1. Introduction
The energy ∆ of the lowest excitation above the
quantum ground state represents a characteristic
scale for the quantum transformations in the ground
states of strongly-correlated low-dimensional electron
systems at zero temperature. In continuous quan-
tum phase transitions (QPTs), ∆ tends to zero when
the critical point of the phase transformation is ap-
proached. The collapse of ∆ at the critical point is
associated with a diverging characteristic length scale
∗ email: s.luin@nest.sns.it; phone ++39-050 509429; fax
++39-050 509417
giving rise to specific scaling laws and universal ex-
ponents that are explored experimentally. Significant
examples are the scaling behavior of the resistivity in
quantum Hall regimes [1], and of the conductance in
semiconductor quantum dots in the Kondo regime [2].
Several material systems exhibit continuous QPT
that are under current intense investigation [3]. The
two-dimensional electron systems in semiconductor
quantum structures display complex phase diagrams
linked to QPTs. Quantization of in-plane kinetic en-
ergy into massively degenerate Landau levels in the
quantumHall regimes create ideal environments where
QPTs can be induced and studied under controlled
experimental conditions. The coupled electron bilayers
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realized in wide quantum wells or in coupled dou-
ble quantum wells (DQW) display diverse groups of
broken-symmetry states that are linked by QPTs [4].
The richness of the phase diagram of bilayer systems,
due to the interplay between intra- and inter-layer
Coulomb interactions, has led to the discovery of some
of the most intriguing behaviors in contemporary
condensed-matter physics [5].
In electron double layers different QPTs can be in-
duced at zero Kelvin by changing the ratio between
bare Zeeman energies Ez and tunnelling gaps ∆SAS,
where the ∆SAS are the spacings between the low-
est symmetric and antisymmetric levels of the elec-
tron bilayers. Additional tuning of the bilayer phase
diagram is achieved by changes in the total electron
density, the distance d between the layers and the in-
plane component of the magnetic field [4,6,7,8,9]. The
relevant low-lying (or soft mode) excitations are here
charge- or spin-collective modes associated with tran-
sitions across the tunnelling gap of the double-layer
system. The mode energies have characteristic disper-
sions that are determined by the electron interactions.
Excitonic Coulomb interactions (or vertex-correction
terms) of the neutral quasiparticle-quasihole pairs in
the transitions are responsible for minima in the dis-
persion that occur at zero or finite in-plane wavevec-
tors q.
Inelastic light scattering results presented here
highlight collective mode softening due to excitonic
Coulomb interactions. The mode softening may drive
instabilities in the electron bilayers. Direct access to
soft excitations by inelastic scattering methods offers
powerful venues for probing the physics of QPTs in
strongly-correlated systems. We discuss here results of
inelastic light scattering experiments that probe soft
collective modes in the bilayer electron gas. The exper-
iments uncover direct links between mode softening
and excitonic interactions. These soft collective modes,
while observed in the symmetric phases, seem to be
associated with the emergence of broken-symmetry
states in the electron bilayers. These experiments,
however, are very challenging. We recall that the ob-
servation of soft collective excitations at the superfluid
transition in 4He by inelastic neutron scattering [10]
is one of the few examples reported in the literature.
The modulation-doped DQWs studied in our exper-
iments were grown by molecular beam epitaxy. They
consist of two nominally identical GaAs quantum wells
of width dw=18 nm separated either by Al0.2Ga0.8As
or Al0.1Ga0.9As barriers with width ranging from
dB = 4 nm to dB = 8 nm. Si δ-doped layers grown
both above and below the DQW create two equivalent
two-dimensional electron gases (2DEGs). The com-
bined total carrier concentrations used in the experi-
ments reported in this paper are in the range 0.15 ×
1011cm−2 < n <1.7 × 1011cm−2 and low-temperature
mobilities 0.2 – 1.5 × 106cm2/Vs. Resonant inelastic
light scattering spectra were obtained in a conventional
backscattering geometry at temperatures between
1.7K and 50 mK using a dye laser tuned to the optical
transitions of the GaAs quantum wells. Discussions
on fundamentals of resonant inelastic light scattering
processes by collective excitations, matrix elements,
resonant enhancements and conservation laws can be
found in Refs. [6,11,12,13]. Magnetic fields BT are ap-
plied at angles θ with the normal to the bilayers. The
perpendicular component of the field is B = BT cos θ.
In Section 2 we review the results at B=0 that set
up a conceptual and practical framework for studies of
unstable q = 0 spin excitation modes at filling factor
ν = 2. In Section 3 we consider recent results obtained
in the vicinity of ν = 2 at temperatures below 100mK
that support the notion that a q = 0 spin soft-mode
drives a QPT in electron bilayers. In Section 4 we dis-
cuss the most recent experiments at total filling factor
ν = 1. These results show that the light scattering ex-
periments provide evidence of soft tunnelling charge-
density excitations at finite q (soft magneto-rotons)
in close proximity to the compressible-incompressible
phase boundary.
2. Coupled bilayers at B=0
Soft-mode driven QPTs were predicted to occur at
B=0 [7]. In these theories, the instability is caused by
a vertex-correction driven softening of the q=0 spin-
density tunnelling excitation (SDE) across the two low-
est subbands represented by the ∆SAS gap. At zero
magnetic field this excitation is a degenerate triplet
characterized by changes of δSz = ±1 and δSz = 0 in
spin angular momentum along the normal to the bi-
layers . The impact of the vertex correction is readily
seen in the expression for the mode energy [14]
ω2SDE = ∆
2
SAS − 2(nS − nAS) β∆SAS, (1)
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where nS and nAS are the populations of the symmet-
ric and antisymmetric subbands. The factor (nS−nAS)
takes into account the reduction in available phase
space when two subbands are occupied. The second
term in the right-side of Eq. (1) represents the excitonic
binding and the factor β parametrizes the strength
of vertex corrections. When this intrawell excitonic
term is larger than the interwell couplings represented
by ∆SAS, the q=0 SDE collapses. The possible exis-
tence of such unstable spin-density excitations suggests
the emergence of broken-symmetry phases of antiferro-
magnetically correlated 2D layers. The time-dependent
local-density approximation (TDLDA) results of Ref.
[7] predict a phase transition for electron densities be-
low 0.5×1011cm−2.
In this section we present the results of a compre-
hensive search for the soft q=0 intersubband SDEs at
zero magnetic field. While this work demonstrates the
absence of such instabilities, it provides the framework
for the design and interpretation of the experiments
at non-zero magnetic fields presented in the next sec-
tion. Resonant inelastic light-scattering measurements
of the SDE modes have been carried out on a large set
of GaAs DQWs of various well shapes, and with elec-
tron densities down to 1010cm−2. The sample param-
eters were chosen to overlap those for which TDLDA
calculations indicate the existence of an unstable SDE
that triggers transitions to broken-symmetry phases.
Figure 1 shows typical lowest energy intersubband
spectra. For q≃0, the energy of the single-particle exci-
tations (SPE) equals that of ∆SAS. The highest energy
peak arises from the CDE. The CDE energy is given
by [14]
ω2CDE = ω
2
SDE + 2(nS − nAS)α∆SAS (2)
where α is the depolarization shift due to direct terms
of Coulomb interactions. Usually α > β, so that the
CDE appears higher in energy than both the SPE and
SDE [14]. The collective SDE and CDE display well-
defined polarization selection rules. SDE are active in
depolarized spectra, where incident and scattered light
polarizations are perpendicular and CDE occur in po-
larized spectra measured with parallel polarizations.
We have measured the energy of the CDE, SDE and
SPE modes in a series of samples as a function of car-
rier concentration. Results are plotted in Fig.2(a). A
striking feature of the TDLDA calculation is the van-
ishing SDE mode energy for electron densities below
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Fig. 1. Inelastic light-scattering spectra of the intersub-
band excitations of the double quantum well. The peaks
of the spin-density excitations (SDE), charge-density ex-
citations (CDE) and single-particle excitations (SPE) are
shown. The spectra have been offset for clarity.
0.5×1011cm−2 [7]. This prediction of the LDA is ab-
sent in the experimental results of Fig. 2a.
Other features predicted by LDA calculations are
observed experimentally. We find good agreement be-
tween the experimental and the LDA values of SPE and
CDE energies. The experimental SPE energies show
the upward trend with decreasing electron density ex-
pected from the renormalized ∆SAS calculated self-
consistently within LDA [15]. In addition, LDA calcu-
lations predict that at n<1010cm−2 the excitonic ver-
tex correction should become larger than the depolar-
ization shift resulting in the energy of the CDE falling
below that of the SPE [16,17]. And indeed, in the ex-
perimental data a similar decrease in the CDE energy is
observed as n approaches 1010cm−2. As will be seen be-
low, this is due to a decrease in the depolarization shift
rather than an increase in the excitonic shift, which is
again in qualitative agreement with LDA theory [16].
To obtain further insight into the many-body inter-
actions we can rewrite Eqs. (1) and (2) to determine
the direct and exchange terms of the Coulomb interac-
tion: The depolarization shift, (nS−nAS)α, and the ex-
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Fig. 2. The measured two-dimensional electron density
dependence of (a) the intersubband charge-density excita-
tion energy ωCDE (dotted), spin-density excitation energy
ωSDE (dashed) and single-particle excitation energy ∆SAS
(solid); and (b) (nS − nAS)α (dashed), and (nS − nAS)β
(solid), for the GaAs/Al0.1Ga0.9As double quantum well
structures. The lines are guides to the eye.
citonic shift, (nS − nAS)β, derived from the measured
mode energies shown in Fig. 2a, are plotted in Fig-
ure 2b. LDA calculations [18] predict that (nS − nAS)α
increases slightly with decreasing n and then drops
sharply for electron densities below 0.2 x 1011cm−2.
The maximum corresponds to the density at which the
second subband just becomes occupied. In Figure 2b,
we do indeed observe this behaviour experimentally.
Thus the LDA seems to work well when describing the
depolarization shift down to very low electron densi-
ties.
A different situation prevails in the case of the
vertex-correction (nS − nAS)β because here we
find significant quantitative differences between ex-
periment and LDA theory: For electron densities
below 0.5 x 1011cm−2 the experimental values of
(nS − nAS)β are 2 −5 times smaller than the LDA
would predict, with the most significant discrepancies
occurring at densities below 0.2 x 1011cm−2, close to
the onset of occupation of the antisymmetric state.
Thus, TDLDA is not successful at describing the ob-
served behaviour of both the vertex-corrections and
the SDE mode energies at very low density. We at-
tribute these discrepancies, between experiment and
LDA theory, to shortcomings of the TDLDA calcula-
tion at low densities, when local-density approxima-
tions become unreliable because very dilute electron
gases can no longer be considered homogeneous even on
a local scale. On the other hand, a non-local approach,
that treats the exchange Coulomb interaction bymeans
of a variational solution of the Bethe-Salpeter equation
in the ladder approximation [19,18], yields predictions
for the energies of intersubband collective modes in the
DQW that are in good agreement with experiment.
The absence of zero-field enhancements of the
vertex-correction (nS − nAS)β, determined exper-
imentally, indicates that at zero field, and at small
values of ∆SAS, the effective electron density, given by
(nS − nAS), is limited by the occupation of the anti-
symmetric state. However, these results are intriguing
because, as described below, pronounced softenings of
low-energy q=0 SDE, in general agreement with Eq.
(1), are seen in spectra from DQWs in perpendicular
magnetic fields at even values of ν. Our understanding
of this is that the softenings of the spin-density mode
in perpendicular field, described below, are due to
changes in the effective density of electrons that con-
tribute to the intersubband collective excitations. This
effective density can be changed by magnetic field,
and for filling factor ν=2 and lower all the electrons
can and do contribute.
3. Coupled bilayers at ν = 2
At this even-integer value of Landau level filling fac-
tor, the spin configuration depends on the relationship
between Ez = gµBBT and ∆SAS (g ≈ −0.44 is the
gyromagnetic factor and µB is the Bohr magneton),
in conjunction with changes in available phase space
for the tunnelling intersubband transitions at ν = 2.
There are two possible configurations of spin (see Fig.
3). A spin-singlet quantum Hall paramagnet (phase U)
is obtained when the electrons occupy the lowest spin-
split symmetric levels. In this configuration the spin
polarization is zero and the lowest-energy spin transi-
tions are spin-flip (SF) and SDE modes across ∆SAS.
Contrary to theB=0 case, these excitations are not de-
generate under the application of a magnetic field. In
the Hartree-Fock framework their energies are ωSDE
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for SDE modes and ω± = ωSDE − EzδSz, δSz = ±1
for spin-flip (SF) excitations. The other configuration
possible is a spin-polarized quantum Hall ferromagnet
(phase P). Characteristic excitations in this configura-
tion are spin waves (SW) across the Zeeman gap and
SF modes.
The actual spin configuration depends on the
strength of the energy required to produce a spin-flip
relative to that of the interlayer interactions that en-
ter in the ∆SAS. The energy required to change the
orientation of spin incorporates two terms. One is
the Zeeman energy Ez. The other is the spin stiffness
of the 2DEG, given by the increase in Coulomb ex-
change interaction energy when the spin orientation
is changed. Because the spin stiffness has a character-
istic B1/2-dependence, the spin-singlet configuration
prevails at the lower values of BT . The spin-polarized
configuration emerges at higher total fields when the
spin-flip transition energy in the lowest Landau level
is larger than the energy associated with a transition
across the tunnelling gap.
Contrary to predictions and experimental observa-
tions of first-order phase transitions between phases
U and P in single layers [20,21,22], inter-layer interac-
tions in the bilayer systems leads to a novel broken-
symmetry intermediate phase D linked to phase U by
a continuous second-order phase transition [6,9,23,24].
Under the application of parallel magnetic fields, the
ratio between the tunneling and Zeeman gaps can be
changed and the system can make transitions from the
singlet phase U to the intermediate phase D and at
larger parallel fields, to phase P. Signatures of these
different configurations of spins were obtained by in-
elastic light scattering measurements of spin tunneling
excitations [6,23]. These works demonstrated that the
transition between U and D is associated to the soft-
ening of the tunneling SDE. The softening is caused
by excitonic interactions that reduce ωSDE energies to
values much lower than ∆SAS and close toEz signaling
the existence of an unstable SF excitation with δSz =
1. In addition to removing the degeneracy of the three
spin excitations in the triplet state, the application
of the magnetic field allows to manipulate the phase-
space factor (nS − nAS). At total filling factor ν = 2
when all the electrons occupy the symmetric states, we
have nS − nAS =n (where n is the total electron den-
sity) and all electrons can contribute to the tunnelling
transitions [25].
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Fig. 3. Schematic representation of the energy level scheme
at ν=2. a) In the unpolarized state (phase U), when the
symmetric states are populated and b) spin polarized state
(phase P), with the lowest symmetric and antisymmetric
levels fully occupied. The arrows correspond to the possible
excitations in these configurations. SF: spin flip mode; SDE:
spin-density excitation; SW: spin wave. The arrows on the
side of the levels correspond to spin.
The zero-temperature properties of the ground state
in the new intermediate phase have been the subject of
intense theoretical investigations [9,26,27,28,29,30]. It
is now well accepted that the competition between in-
terlayer tunnelling, Zeeman splitting, intralayer and in-
terlayer Coulomb interactions, leads to a spontaneous
symmetry breaking in the bilayer and electron spins in
each layer tilted away from the external magnetic field
direction (canted phase).
We focus here on the SDE behavior observed un-
der changes of BT while keeping the filling factor of
ν = 2. Detailed analysis of the SDE softening down
to T=200mK when the ν = 2 state is approached in
a tilted-field configuration indicates that the SDE en-
ergy reaches its lower values in the low-field side of
ν = 2 (and then disappears for larger values of mag-
netic field) but at energies significantly larger than Ez
(implying a spin-flip mode at energy ω− above zero)
[6,23]. In order to fully understand these results, it is
important to recall that in the T>0 region close to
the critical point of QPTs, large thermal population of
low energy soft modes cause critical fluctuations that
destroy the long-range order of the broken symmetry
phase [1]. In the case of the continuous QPT in coupled
bilayers at ν=2 this could imply that at T>0, the sys-
tem become unstable before reaching ν=2 and ωSDE =
Ez. This is consistent with results shown in Refs.[6,23].
In a attempt to further validate this picture we have
extended the inelastic light scattering measurements
at lower temperatures (down to 50mK). At the lowest
temperature, the energies are smaller than at 300mK.
The fact that the energy approaches Ez when the tem-
perature is lowered provides evidence that the transi-
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Fig. 4. Typical spectra at different filling factors for ν > 2.
Experiments were done at 50mK and a tilt angle of 25o.
The vertical lines on each spectra correspond to the value
of the Zeeman energy.
tion is almost continuous.
Figure 4 shows typical spectra at different filling fac-
tors near ν=2 and T=50mK. The sample (a DQWwith
8 nm Al0.1Ga0.9As barrier, density of 9.96×10
10cm−2
and mobility close to 106cm2/Vs) is tilted (25o) from
the plane perpendicular to the magnetic field. There
are two main contributions to these spectra: the sharp
peak corresponds to the inelastic light scattering sig-
nal due to the SDE, while the broad background is due
to photoluminescence.
The impact of temperature changes near ν = 2 is
shown in Fig. 5. Previous results [6,23] have demon-
strated that at 300mK and at tilt angle of 20o the sys-
tem is in the spin unpolarized phase, while at 35o the
sample is already in the ferromagnetic phase. SDE en-
ergies are displayed at different magnetic fields near
ν = 2 for 50mK (circles) and 300mK (squares) and at
25o. At our lowest temperature attainable, 50mK, the
system shows the same type of behavior of the SDE
peaks seen at 300mK with same angle, but consistently
at lower energies. The excitation softens markedly as
the filling factor is diminished (larger magnetic fields),
and disappears as it gets closer to ν=2 (vertical line in
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Fig. 5. Magnetic field dependence of the spin-density ex-
citation in the vicinity of ν = 2 at 50mK (©) and 300mK
(✷). The experiments were done at a tilt angle of 25o. Typ-
ical error bars are shown.
Fig. 5). In these regions of magnetic fields the energy
of the mode is very close to Ez (see dotted line in Fig.
5). It is possible that the mode becomes overdamped
very close to ν=2, and this could explain why the mode
is no longer observable at filling factors slightly larger
than ν=2, where its energy is comparable to Ez. De-
tailed values of the Zeeman energy Ez are obtained
from inelastic light scattering measurements of SW ex-
citations in phase P.
The softening of the intersubband SDE to values
close to Ez implies the emergence of spin flip exci-
tations with δSz=1 at vanishing small energies that
could lead to instabilities in the system. The tempera-
ture dependence (down to the lowest temperatures we
can achieve) shows that the modes behave in a manner
consistent with a QPT at T=0.
4. Coupled bilayers at ν = 1
In the previous section we have shown that q = 0
spin tunnelling modes in coupled bilayers can become
unstable. Unstable soft modes at finite wavevectors
were also predicted to occur in electron-hole systems at
strong magnetic fields [31] and in electron bilayers at
total filling factor ν = 1 [32,33,34,35,36]. In this section
we consider resonant inelastic light scattering studies
that probe such excitations.
We recall that the relevant range of in-plane
wavevectors (q) accessible to inelastic light scattering
experiments is restricted by wavevector conservation
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in the scattering process to scattering wavevectors q
≈105 cm−1. This wavevector range implies access to
mode wavevectors q ≤ 0.2l−1B , where lB is the magnetic
length. For this reason the measurements discussed in
the previous sections access the long-wavelength limit
q → 0. The conservation law of wavevector originates
from the translational invariance of the 2D system.
Even the most perfect samples of 2D electron systems
are subject to residual disorder, particularly in the
quantum Hall regimes. One of the significant manifes-
tations of residual disorder in resonant inelastic light
scattering is the activation of large wavevector collec-
tive modes [37,38]. The experiments at ν = 1 take ad-
vantage of this feature of light scattering experiments
to study soft magnetoroton modes.
A distinct feature of the Hartree- Fock calculations
is the magnetoroton minimum at finite wavevectors
q ∼ l−1B [39]. Magnetoroton excitations were predicted
to occur in the dispersions of inter-Landau level modes
and in intra-Landau level excitations of the fractional
quantum Hall regime [39,40,41]. The minima arise, as
mentioned above, from the q-dependent excitonic bind-
ing in quasiparticle-quasihole pairs.
Observation of roton minima by resonant inelastic
light scattering requires breakdown of wavevector con-
servation assigned to the impact of residual disorder.
With absence of wavevector conservation, the light
spectra can reveal features of the density of states
of Landau level excitations. Massive breakdown of
wavevector conservation was indeed invoked to inter-
pret resonant inelastic light scattering experiments in
the integer and fractional regimes [37,42,43]. These
experiments revealed magnetoroton excitations and
excitations with q ≫ l−1B .
We have taken advantage of breakdown of wavevec-
tor conservation in resonant inelastic light scattering to
explore possible links between soft magnetorotons and
QPTs in electron bilayer in the quantum Hall regimes
[44]. Soft rotons are crucial elements in the theoreti-
cal constructions that predict and interpret QPTs in
the two-dimensional electron system. One remarkable
example is given by the transition to a Wigner crystal
state predicted to occur at fractional filling factors be-
yond 1/7 [40,45]. This link, however, has not yet been
addressed in experiments.
The role of soft magnetorotons is particularly in-
triguing in coupled bilayers at total Landau level filling
factor νT = 1. At this filling factor value, the bilayer
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Fig. 6. Panel (a): Calculated inelastic light scattering spec-
tra. α labels the breakdown of wavevector conservation (see
text). The curves are the response functions calculated in
TDHFA including the wavevector conservation breakdown,
using the dispersion shown in panel (b), for a sample close
to the phase transition (phase diagram in inset of panel (a))
system displays a rich phase diagram determined by
the interplay between single-particle tunnelling gap
∆SAS with intra- and inter-layer interactions[4]. Two
distinct phases were identified on the basis of the
value of the longitudinal magneto-resistance measured
in magneto-transport experiments. One of the two
phases is characterized by the existence of the quan-
tum Hall effect at νT = 1 while the other not. The
phase diagram is shown in the inset of Fig. 6 [8,46]. In
current theories the compressible-incompressible QPT
is linked to a roton instability in the CDE across the
tunnelling gap [32,33,34,36]. In Hartree-Fock calcu-
lations the roton softening instability is due to large
excitonic bindings between quasiparticle and quasi-
hole that occurs with a reduction in ∆SAS. In order to
show how the breakdown of wavevector conservation
can lead to manifestations of collective CDE modes
at finite q in the inelastic light scattering spectra we
first recall that intensities of inelastic light scattering
is in the lowest order approximation proportional to
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the dynamic structure factor S (q, ω;α). Here α is a
phenomenological broadening parameter in wavevec-
tor space, used to account for the effects of disorder
in the breakdown of wavevector conservation. Within
this model, used by Marmorkos and Das Sarma [38],
we have:
S (q, ω;α) ∼
α
pilB
∫
dq′
S (q′, ω)
(q − q′)2 +
(
α l−1B
)2 , (3)
where S (q′, ω) is the electronic dynamic structure
factor in the translation invariant system. S (q′, ω)
for charge-density excitations across the symmetric-
antisymmetric gap is given by:
S (q, ω) ∝
|M (q)|2 ωC(q) ωΓ
[ω2 − ω2C(q)]
2 + ω2Γ2
, (4)
where Γ is a homogeneous broadening.
To highlight the impact of breakdown of wavevec-
tor conservation we focus on a sample in close proxim-
ity to the phase boundary (see the dot in the inset of
Fig. 6(a)) for which the calculated dispersion is shown
in Fig. 6(b). The dispersion is characterized by a deep
magnetoroton which anticipates the occurrence of a
continuous QPT. We note that TDHFA being a mean-
field theory fails to reproduce the collective mode dis-
persion when q ≫ l−1B . That part of the dispersion was
not included in the model. Figure 6(a) shows the cal-
culated inelastic light scattering spectra for different
values of α. In these calculations a broadening factor
Γ = 0.035meV, due to lifetime limited by disorder and
impurity scattering, was considered [38]. Further de-
tails on the results of the calculations can be found in
Ref.[44]. In Fig. 6(a) we find that small values of α, of
the order of 0.1l−1o , are sufficient to yield significant
intensity at the energy of magnetoroton critical point
in the density of states. This is due to the fact that
the matrix element |M(q)|2 that enters the dynamic
structure factor and acts as the oscillator strength for
inelastic light scattering tends to peak sharply at the
magnetoroton wavevector when the bilayer approaches
the phase transition instability [44].
In Fig. 7 we compare measured spectra (Fig. 7(a))
with calculations in which α is set at 0.4 (Fig. 7(b)).
The sample is characterized by a 7.5-nm-wide
Al0.1Ga0.9As barrier, electron density n=1.2 ×
1011cm−2 and ∆SAS = 0.32 meV and its position
in the phase diagram corresponds to the dot in the
inset of Fig. 6. A value of α = 0.4 yields an effective
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Fig. 7. Comparison within theory and experiment. Panel
(a): MR and C0 resonant Raman peaks, for two different
incident photon energies (reported in the figure). Back-
ground is subtracted. Panel (b): response function for a
chosen value of α=0.4. (c): collective mode dispersion.
length scale of ∼ 3lB for the terms in the disorder
potential responsible for the breakdown of wavevector
conservation that interprets the data. The resonant
inelastic light scattering spectra are obtained at two
different incident photon energies and displayed af-
ter conventional subtraction of background due to
laser and magneto-luminescence. The assignments of
the two spectral features to CDE at q = 0 (C0) and
to the magneto-roton (MR) are consistent with the
calculated dispersion shown in Fig. 6(b) and Fig. 7(c).
The calculation reproduces the energy position and
the widths of the peaks. The fact that the C0 width
is larger than that of the MR is significant and seems
to reflect the peculiar behavior of the |M(q)|2 factor
close to the phase boundary. On the contrary, results
obtained from a sample far from the phase boundary
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show a broad and weakMR peak (compared to C0) and
located at higher energies (≈ 0.6 meV) [44]. The calcu-
lated spectra shown in Fig. 7 differ from the measure-
ments in the region between the C0 and MR modes.
The discrepancy could be related to differences in res-
onant enhancements.
5. Conclusions and Perspectives
We have presented extensive results that use light
scattering methods to probe soft, unstable, collective
excitations in two-dimensional electron systems. In-
elastic light scattering has the capability to detect col-
lective soft modes at finite wavevectors as well as spin-
or charge-density modes at q = 0 and at q =∞. Since
the latter are the only excitations probed in magneto-
transport, light scattering studies have the potential
to bring a new wealth of information into studies of
quantum phase transitions, spin states and other new
broken-symmetry phases in modulation-doped low-
dimensional semiconductors. The observations at zero
magnetic fields and at total filling factor ν = 2 offer sig-
nificant examples of the capabilities of this approach.
The experiments at ν = 2 are the first to demonstrate
mode softening due to excitonic Coulomb interactions
in the quantum Hall regime. The experiments at total
filling factor ν = 1 are particularly revealing since
they offer direct evidence of soft magnetorotons in
the quantum Hall regime. These results are significant
because they suggest that roton softening plays major
roles in the incompressible-compressible phase transi-
tions of the bilayers at ν = 1, and suggest a leading
role of excitonic Coulomb interactions in transitions
between the highly correlated phases. The results are
consistent with a scenario in which the instability
is associated with the condensation of neutral exci-
tons, a subject of current interest in bilayers and in
other semiconductor systems [47,48,49]. The possible
link between exciton condensation and quantum Hall
phases in coupled bilayers highlights the role of the
quantum Hall regime as a versatile laboratory, almost
“magic” in its enormous possibilities, to study quan-
tum liquid phenomena relevant to a multitude of dif-
ferent areas of condensed-matter physics. The liquids
of quantum Hall states in semiconductor structures,
in fact, can be created and probed in controlled exper-
iments. To this end, it is worth noting the similarities
between the magnetoroton observed in the coupled bi-
layers with the finite-wavevector excitations observed
by inelastic neutron scattering in superfluid 4He [10]
and in the high-Tc superconductor Y Ba2Cu3O7 [50].
These links highlight the impact of experimental and
theoretical research on quantum phase transitions and
broken-symmetry states in the bilayer electron gas.
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